Introduction
============

Sepsis is a leading cause of mortality in hospitals in the USA, which is characterized by a systemic inflammatory response to life-threatening infection and results in widespread tissue injury. Macrophages mediate the innate and adaptive immune response, by producing inflammatory cytokines and cell scavenging ([@b1-mmr-18-06-5399],[@b2-mmr-18-06-5399]). Macrophages and their monocyte precursors are distributed in every type of tissue in the body. Upon tissue damage or infection, monocytes are rapidly recruited to the lesion site, where they differentiate into tissue macrophages ([@b2-mmr-18-06-5399]--[@b4-mmr-18-06-5399]). Severe sepsis has been demonstrated to induce macrophage dysfunction ([@b2-mmr-18-06-5399]--[@b4-mmr-18-06-5399]). A previous study demonstrated that the endotoxin lipopolysaccharide (LPS) is a ligand of toll-like receptor 4 (TLR4) ([@b5-mmr-18-06-5399]), and the expression of TLR4 is a key determinant of LPS response intensity and susceptibility in a mouse model of infection ([@b6-mmr-18-06-5399]). Furthermore, myeloid differentiation factor 2 (MD-2) is able to bind to TLR4 to form the TLR4/MD-2 complex ([@b7-mmr-18-06-5399]). Following LPS binding to TLR-4/MD-2, toll/interleukin 1 receptor/resistance protein (TIR) domain-containing adaptors are recruited to activate intracellular signaling pathways, including the translocation of nuclear factor (NF)-κB to the nucleus and production of pro-inflammatory cytokines, including interleukin (IL)-6 and tumor necrosis factor (TNF)-α ([@b8-mmr-18-06-5399]--[@b10-mmr-18-06-5399]). Therefore, TLR4 and its downstream signaling pathways serve a critical role in the regulation of sepsis and sepsis-associated disorders ([@b11-mmr-18-06-5399],[@b12-mmr-18-06-5399]). As targeting individual inflammatory cytokines in septic states is not a successful strategy, TLR4 is a potential therapeutic target for alleviation of sepsis-induced inflammatory response ([@b13-mmr-18-06-5399]). In addition, sphingosine kinase 1/sphingosine-1-phosphate (SPHK1/S1P) is upregulated in phagocytes and peritoneal phagocytes from patients with severe sepsis ([@b14-mmr-18-06-5399]), suggesting their involvement in sepsis development. LPS may activate the SPHK1/S1P signaling axis in a number of cell types, including macrophages, to trigger the translocation of SPHK1 to the plasma membrane where it converts its substrate sphingosine to the bioactive sphingolipid S1P ([@b15-mmr-18-06-5399]). SPHK1 is increasingly recognized as an important mediator of the inflammatory response elicited by various inflammatory stimuli, including LPS, TNF-α and IL-1β, and involves TLR signaling ([@b16-mmr-18-06-5399]--[@b20-mmr-18-06-5399]). Therefore, further study of the role of these mediators in sepsis development and response may aid the development of novel strategies to effectively control sepsis.

Quinolones (QNs) are synthetic, broad-spectrum antimicrobial agents that are clinically used against Gram-positive and Gram-negative bacteria ([@b21-mmr-18-06-5399]). These antimicrobial agents have been demonstrated to modify immune and inflammatory responses *in vivo* and *in vitro* ([@b21-mmr-18-06-5399]). In this regard, anti-infection treatment should not only consider the bacterial sensitivity and antibiotic potency; however additionally, the association between the *in vivo* efficacy and immunoregulatory effects of antibiotics. Moxifloxacin (MXF) is a fluoroquinolone that is effective against Gram-positive and Gram-negative bacteria ([@b22-mmr-18-06-5399]). Its bidirectional effects on the activation and inhibition of the immune response were demonstrated by its effects on the production of a number of cytokines (including TNF-α and IL6) in human and murine leukocytes ([@b23-mmr-18-06-5399]). Similar immunomodulatory effects of fluoroquinolones in inflammatory states and infection have additionally been demonstrated in various previous *in vitro* studies; for example, clinically relevant concentrations of MXF were demonstrated to inhibit the synthesis of inflammatory mediators, including IL-1, TNF-α, IL-6 and IL-8, in human peripheral blood mononuclear cells and endothelial cells following LPS stimulation ([@b24-mmr-18-06-5399]).

However, whether MXF affects the LPS-stimulated macrophage inflammatory reaction and whether the regulatory pathway involves TLR4 and SPHK1 remains to be elucidated. In the present study, an *in vitro* sepsis inflammatory reaction model was initially established in LPS-stimulated mouse peritoneal macrophages. The effects of MXF on pro-inflammatory factor secretion and the underlying mechanisms were subsequently investigated. To assess the effect of MXF on the inflammatory response in LPS-stimulated macrophages, TLR4, SPHK1 and pro-inflammatory factor expression levels were determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), western blotting and ELISAs. The present study demonstrated that the TLR4 and SPHK1 pathways mediated the inhibitory effect of MXF on pro-inflammatory factor expression.

Materials and methods
=====================

### Isolation and purification of mouse peritoneal macrophages

The present study was approved by the Institutional Care and Use Committee, Experimental Animal Centre of Jinzhou Medical University (Jinzhou, China). A total of 200 male C57BL/6J mice (6--8 weeks old; 20--25 g weight) were obtained from our animal center and housed in standard Plexiglas cages under a controlled temperature (21--25°C) and 50% humidity with food and water available *ad libitum* under a 12 h light/dark cycle with lights on at 6:00 a.m. Food supply was restricted 3 days prior to the experiments to achieve a target weight of 85% their expected weight under conditions of unrestricted food access.

To isolate and purify mouse peritoneal macrophages, the mice were euthanized and 70% ethanol was subsequently sprayed onto the abdomen. The outer layer of the peritoneum was incised using scissors, and ice-cold RPMI-1640 (cat. no. SH30809.01; HyClone; Thermo Fisher Scientific, Inc., Logan, UT, USA) was subsequently injected into the peritoneal cavity using a 5 ml syringe. Subsequent to gently massaging the peritoneum to dislodge any attached cells into the RPMI-1640 medium, the fluid from the peritoneum was collected into a tube using a 5 ml syringe, kept on ice, and centrifuged at 250 × g at 4°C for 5 min. The supernatant was discarded prior to resuspension of cells in RPMI-1640 supplemented with 10% fetal bovine serum (FBS; cat. no. FSP500; ExCell Bio, Shanghai, China), 100 U/ml penicillin and 3.7 g/l NaHCO~3~, and counted using a hemocytometer. Cells were then added into 6-well tissue culture plates at a density of 1×10^6^ cells/well and cultured for 2 h at 37°C to ensure their adherence to the substrate; non-adherent cells were removed by gently washing with warm PBS three times. In total, 90% pure macrophages were collected for the experiments following a previous study ([@b25-mmr-18-06-5399]).

### Macrophage treatment

Macrophages were seeded in 6-well plates at a density of 5×10^5^ cells/well or 12-well plates at a density of 2×10^5^ cells/well, cultured overnight and subsequently exposed to different conditions of external stimulations and cultured for 24 h at 37°C in a cell culture incubator with 95% air and 5% CO~2~: i) Control group (normal peritoneal macrophages without any treatment); ii) LPS group (normal peritoneal macrophages treated with 500 ng/ml LPS); iii) 8MXF/LPS group (normal peritoneal macrophages treated with 8 µg/ml MXF and 500 ng/ml LPS for 2 h); iv) 16MXF/LPS group (normal peritoneal macrophages treated with 16 µg/ml MXF and 500 ng/ml LPS for 2 h); v) 32MXF/LPS group (normal peritoneal macrophages treated with 32 µg/ml MXF and 500 ng/ml LPS for 2 h; and vi) 64MXF/LPS group (normal peritoneal macrophages treated with 64 µg/ml MXF and 500 ng/ml LPS for 2 h). Subsequently, total cellular RNA and protein were extracted from these treated macrophages for RT-qPCR and western blotting, or cells were fixed in 4% formaldehyde at the room temperature for 20 min prior to immunostaining.

### Cell viability MTT assay

Macrophages were seeded in 96-well culture plates at a density of 5×10^3^ cells/well and cultured at 37°C for 24 h, prior to the addition of various doses of MXF (0, 50, 100, 200, 400, 800 and 1,600 µg/ml) for 24 h. MTT solution was added to each well to reach a final concentration of 5 mg/ml. After a 2-h incubation at 37°C, the culture medium was replaced with 200 µl dimethyl sulfoxide to solubilize the formazan crystals produced by MTT. The absorbance was measured at 490 nm with a spectrophotometer and the percentage of viable cells was calculated. The experiment was set to five replicates and repeated at least three times. The growth inhibition was calculated by the equation: % cell viability=(ODc-ODt)/(ODc-OD~blank~) ×100; where ODt and ODc are the optical densities in treated cultures and control cultures, respectively.

### RT-qPCR

Total RNA was isolated from the treated macrophages using an RNeasy Mini *kit* (BioTeke Corporation, Beijing, China) and reverse transcribed into cDNA with the M-MuLV Reverse Transcriptase kit (BioTeke Corporation) and incubated at 42°C for 50 min according to the manufacturer\'s protocols. qPCR was performed in an Exicycler^™^ 96 Detection system (Bioneer Corporation, Daejeon, Korea) with 10 µl reaction mixture, containing 5 µl SYBR green Master mix (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.5 µl (10 µM) of each forward and reverse primer, and 4 µl cDNA template with the FastStart SYBR Green Reagents kit (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) according to the manufacturer\'s protocol. The qPCR conditions were 95°C for 10 min and 40 cycles of 95°C for 10 sec, 60°C for 20 sec, 72°C for 30 sec and held at 4°C. The primers were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.) and the sequences were as follows: SPHK1 forward, 5′-ACGAGCAGGTGACTAATGAAGA-3′ and reverse, 5′-GTGCCCACTGTGAAACGAA-3′; NF-κB forward, 5′-AGCATTAACCTCCTGGAGACG-3′ and reverse, 5′-TTGGGAGCACTGCTTTGGAT-3′; TLR4 forward, 5′-GTAGAGATGAATACCTCCTTAGTGT-3′ and reverse, 5′-TTTTACAGCGACCAATAAGTATCAG-3′; β-actin forward, 5′-CTGTGCCCATCTACGAGGGCTAT-3′ and reverse, 5′-TTTGATGTCACGCACGATTTCC-3′. The relative expression level of mRNA was analyzed using the 2^−∆∆Cq^ method, where ΔΔCq=ΔCq~treated~-ΔCq~control~ according to a previous study ([@b26-mmr-18-06-5399]).

### Protein extraction and western blotting

Treated peritoneal macrophages were washed with ice-cold PBS twice, lysed in ice-cold radioimmunoprecipitation assay buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 2 mM ethylenediaminetetraacetic acid, 50 mM NaF, 10 µg/ml leupeptin, 2 mM Na~3~VO~4~, 15 µg/ml aprotinin and 1 mM phenylmethane sulfonyl fluoride) on ice for 30 min, homogenized using a vortex and centrifuged 13,000 × g at 4°C for 15 min. The supernatant was transferred into a fresh tube and kept on ice, and the protein concentration was determined with a Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts of protein samples (30 µg/lane) were loaded and separated by SDS-PAGE (10% gels), and electrically transferred onto polyvinylidene fluoride membranes at 30 V for 1 h. Following a rinse in tap water, the membranes were blocked in 5% (w/v) fat-free milk at room temperature for 1 h and incubated overnight with primary antibodies against TLR4 (19811-1-AP; Proteintech, Rosemont, IL, USA) at a dilution of 1:500, SPHK1 (10670-1-AP; Proteintech) at a dilution of 1:1,000 and β-actin (CAB340MI22; Cloud-Clone Corp, Atlanta, GA, USA) at a dilution of 1:500, NF-κB (10745-1-AP, Proteintech) at a dilution of 1:500, or PKA (55388-1-AP, Proteintech) at a dilution of 1:500, at 4°C overnight. The membranes were subsequently incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G secondary antibodies (ZB-2305; OriGene Technologies, Inc., Beijing, China) at a dilution of 1:2,000 at room temperature for 90 min. Following three washes with Tris-based saline-0.1%Tween 20 (T8220; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), the blots were visualized with enhanced chemiluminescence (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol, and the images were captured using the Kodak Image Station 4000R scanner (Kodak, Rochester, NY, USA). The band intensity of the target proteins was quantified using ImageJ software version 1.5.0 (National Institutes of Health, Bethesda, MD, USA).

### Immunofluorescence

Cultured macrophages were fixed in 4% paraformaldehyde at room temperature for 30 min and subsequently incubated with 1% Triton X-100 for 15 min followed by 1 h of blocking in 5% goat serum (Beyotime Biotechnology, Shanghai, China) at the room temperature. Subsequently, the macrophages from different treatment groups were incubated with specific primary antibodies, including mouse anti-TLR4 (1:100; 19811-1-AP; Proteintech), anti-SPHK1 (1:1,000; 10670-1-AP; Proteintech) and anti-NF-κB p65 (1:1,000; 10745-1-AP; Proteintech) at 4°C overnight. Subsequently, macrophages were incubated with Cy3-conjugated secondary anti-mouse antibody (1:2,000; SA00009-1; Proteintech) at them room temperature for 1 h and the macrophages were mounted onto glass slides with mounting medium containing DAPI. Images were captured at 400× magnifications using a Nikon epifluorescence microscope (Nikon Eclipse E800; Nikon Corporation, Tokyo, Japan). Analysis was performed for 30--50 cells from each sample using the Image Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) and a total of 150--500 cells per treatment group were statistically analyzed.

### ELISA

Macrophages were seeded into 24-well culture plates at a density of 1×10^5^ cells/well and subsequently treated as detailed above. The supernatant was collected through centrifugation at 1,000 × g at 4°C for 10 min to assess the expression levels of IL-6 (at a dilution of 1:4, cat. no. SEA079Mu) and TNF-α (cat. no. SEA133Mu) using these ELISA kits according to the manufacturer\'s protocols (OriGene Technologies, Inc.).

### Statistical analysis

The data were expressed as the mean ± standard error of three repeated experiments and analyzed using one-way analysis of variance followed by Tukey\'s post-hoc test. All statistical analyses were performed by using Graphpad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Assessment of MXF half maximal inhibitory concentration (IC~50~) in mouse macrophages

In the present study, a cell viability MTT assay was initially performed to determine cell viability (cytotoxicity) following macrophage treatment with different concentrations of MXF in the presence or absence of 500 ng/ml LPS for 24 h. Higher MXF doses decreased the cell viability and increased the cell inhibition rate ([Table I](#tI-mmr-18-06-5399){ref-type="table"}). The IC~50~ of MXF was 294.8 µg/ml, whereas, IC~50~ of MXF plus LSP was 281.82 µg/ml ([Tables I](#tI-mmr-18-06-5399){ref-type="table"} and [II](#tII-mmr-18-06-5399){ref-type="table"}).

### Bidirectional effects of MXF on the expression of TLR4, SPHK1 and NF-κB mRNA following treatment with LPS

To assess the effects of MXF on the inflammatory response of macrophages, LPS was used to induce the inflammatory response. It was observed that LPS significantly induced the expression of TLR4 (P\<0.05; [Fig. 1A](#f1-mmr-18-06-5399){ref-type="fig"}), SPHK1 (P\<0.05; [Fig. 1B](#f1-mmr-18-06-5399){ref-type="fig"}) and NF-κB (P\<0.05; [Fig. 1C](#f1-mmr-18-06-5399){ref-type="fig"}) mRNA, compared with the control group. At doses of 8 and 16 µg/ml, MXF significantly decreased the expression levels of TLR4, SPHK1 and NF-κB mRNA compared with the LPS group (P\<0.05), suggesting that MXF had an inhibitory effect on the inflammatory reaction at lower doses. In contrast, the higher MXF doses (32 and 64 µg/ml) increased the expression levels of TLR4 (32 µg/ml, P\<0.05; 64 µg/ml, P\<0.05), SPHK1 (64 µg/ml; P\<0.05) and NF-κB (32 µg/ml, P\<0.05; 64 µg/ml, P\<0.05) mRNA compared with LPS treatment alone, suggesting that high doses of MXF promoted the inflammatory response, although 32 µg/ml MXF had no significant effect on SPHK1 mRNA expression (P\>0.05).

### Bidirectional effects of MXF on the protein expression of TLR4, SPHK1 and NF-κB p65 following LPS treatment

Western blotting ([Fig. 2](#f2-mmr-18-06-5399){ref-type="fig"}) and immunofluorescence analysis ([Fig. 3](#f3-mmr-18-06-5399){ref-type="fig"}) was performed to detect alterations in TLR4 ([Figs. 2A](#f1-mmr-18-06-5399){ref-type="fig"}, [3A and D](#f1-mmr-18-06-5399){ref-type="fig"}), SPHK1 ([Figs. 2B](#f2-mmr-18-06-5399){ref-type="fig"}, [3B and E](#f3-mmr-18-06-5399){ref-type="fig"}) and NF-κB p65 ([Figs. 2C](#f2-mmr-18-06-5399){ref-type="fig"}, [3C and F](#f3-mmr-18-06-5399){ref-type="fig"}) following treatment with LPS. Western blotting demonstrated that the protein expression levels of TLR4, SPHK1 and NF-κB p65 increased following treatment with LPS, compared with the control group (P\<0.05). MXF treatment at 8 and 16 µg/ml downregulated the expression of TLR4 (P\<0.05), SPHK1 (P\<0.05) and NF-κB p65 (P\<0.05), compared with the LPS alone group. These results suggested that low MXF doses prevented the effects of LPS on the expression of these proteins in intestinal macrophages. However, at doses of 32 µg/ml, MXF had no significant effect on SPHK1 (P\>0.05) and NF-κB p65 (P\>0.05) protein expression; however, increased TLR4 expression (P\<0.05) compared with the LPS alone group. At 64 µg/ml, MXF increased NF-κB p65 (P\<0.05) expression; however, had no effect on TLR4 (P\>0.05) and SPHK1 (P\>0.05) expression, compared with the LPS alone group. These results suggested that MXF promoted the inflammatory response at higher doses, whereas MXF suppressed the inflammatory response at lower doses.

The immunofluorescence experiments demonstrated that the expression of TLR4, SPHK1 and NF-κB p65 was significantly increased by treatment with LPS compared with the control group (P\<0.05; [Fig. 3](#f3-mmr-18-06-5399){ref-type="fig"}). Treatment with MXF at doses of 8 and 16 µg/ml decreased the expression of TLR4 (P\<0.05), SPHK1 (P\<0.05) and NF-κB p65 (P\<0.05) compared with the LPS alone group. However, at doses of 32 and 64 µg/ml, MXF had no significant effects on the expression of TLR4 (P\>0.05), SPHK1 (P\>0.05) or NF-κB p65 (P\>0.05). These results suggested that lower MXF doses inhibited the effects of LPS on the expression of these proteins in intestinal macrophages.

### Effects of MXF on IL-6 and TNF-α production following LPS stimulation

After 24 h of treatment with LPS, the ELISA data demonstrated treatment with LPS resulted in a significant increase of IL-6 and TNF-α expression (P\<0.05; [Fig. 4](#f4-mmr-18-06-5399){ref-type="fig"}) compared with the control group. At doses of 8 and 16 µg/ml, MXF decreased the expression of IL-6 (both P\<0.05) and TNF-α (P\<0.05 at 8 µg/ml and P\<0.05 at 16 µg/ml), compared with the LPS alone group. MXF at 32 µg/ml did not affect the production of IL-6 and TNF-α (P\>0.05), whereas, MXF at 64 µg/ml significantly increased the expression levels of IL-6 and TNF-α in macrophages, compared with the LPS alone group (P\<0.05). These results supported the effects of MXF on the production of IL-6 and TNF-α by LPS-stimulated intestinal macrophages.

### Effects of MXF on the expression of protein kinase A (PKA) in LPS-stimulated macrophages

As PKA may mediate the effect of MXF on the regulation of synthesis and secretion of these cytokines ([@b27-mmr-18-06-5399]), PKA protein expression in LPS and MXF-treated macrophages was determined ([Fig. 5](#f5-mmr-18-06-5399){ref-type="fig"}). It was demonstrated that LPS induced PKA expression, whereas low MXF doses prevented the effects of LPS on PKA expression. Higher MXF doses did not exert inhibitory effects, suggesting that the effects of MXF on the synthesis and secretion of the investigated cytokines may be through PKA suppression in macrophages.

Discussion
==========

In the present study, it was demonstrated that treatment of macrophages with 16 µg/ml MXF had the most optimum inhibitory effect on LPS-stimulated expression of NF-κB, TLR4, SPHK1, IL-6 and TNF-α in mouse peritoneal macrophages. However, this inhibitory effect was attenuated at higher doses of MXF (32 µg/ml) and MXF at 64 µg/ml exerted opposing effects on the expression of these proteins in LPS-treated macrophages. These results suggested that low doses MXF had an inhibitory effect on the inflammatory response, whereas MXF at high doses promoted inflammation. These data were consistent with those reported in a previous study that demonstrated the bidirectional effects of MXF on inflammation ([@b28-mmr-18-06-5399]).

Macrophages are responsible for the clearance of pathogens and additionally instruct other immune cells, and thus have a central role in protecting the host. However, they may additionally contribute to the pathogenesis of inflammatory and degenerative diseases ([@b29-mmr-18-06-5399]). In the present study, mouse peritoneal macrophages were isolated and cultured to further investigate the inflammation-induced molecular mechanisms. The prototypical LPS was used as the endotoxin, due to its ability to bind to the CD14/TLR4/MD-2 receptor complex in macrophages and other cell types, to induce the secretion of pro-inflammatory cytokines, including NF-κB and transcription factor AP-1 ([@b30-mmr-18-06-5399],[@b31-mmr-18-06-5399]). Activation of NF-κB stimulates a number of inflammation-associated transcription factors to subsequently induce the expression of various cytokines, including TNF-α and IL-1/6/8, in addition to adhesins, which may induce the inflammatory response ([@b32-mmr-18-06-5399],[@b33-mmr-18-06-5399]). Dysregulation of inflammation causes upregulation of cytokines and adhesion expression, which is involved in numerous inflammatory disorders, including endotoxemia and sepsis ([@b34-mmr-18-06-5399],[@b35-mmr-18-06-5399]). IL-6 and TNF-α are the two most notable pro-inflammatory cytokines secreted by macrophages, and hypersecretion of these cytokines induces widespread tissue damage in the body ([@b36-mmr-18-06-5399],[@b37-mmr-18-06-5399]). In the present study, LPS was utilized as an agent to induce a pro-inflammatory state. It was demonstrated that the expression of TLR4 and NF-κB, and the secretion of IL-6 and TNF-α was significantly induced by treatment with LPS, which was consistent with the LPS-induced pro-inflammatory states demonstrated in previous studies ([@b38-mmr-18-06-5399],[@b39-mmr-18-06-5399]).

Purswani *et al* ([@b40-mmr-18-06-5399]) demonstrated that MXF was able to regulate the inflammatory reaction in alveolar macrophages and peripheral blood monocytes by decreasing TNF and IL-12 expression, in addition to increasing IL-10 expression. In a previous *in vitro* study, MXF was demonstrated to prevent the LPS-induced increase in TNF-α, IL-1 and IL-6 expression in THP-1 cells, cultured from human peripheral blood monocytes ([@b41-mmr-18-06-5399]). The inhibitory effects of MXF on the synthesis and secretion of these cytokines may be associated intracellular signal transduction mechanisms, including the cyclic adenosine monophosphate (cAMP) and PKA pathways ([@b1-mmr-18-06-5399]).

In the present study, MXF doses between 8 and 64 µg/ml were used, which mimicked human clinical doses; MXF is typically administered at 400 mg twice a day in adults, and the half-life of MXF is 11.5--15.6 h after a single oral dose in human volunteers ([@b42-mmr-18-06-5399]--[@b44-mmr-18-06-5399]). One hour after taking MXF, the peak plasma concentration is \~4.1 mg/l after 1 h, and can reach a plasma concentration of 13.5±0.42 mg/l following a single oral dose of 400 mg MXF in a volunteer subject ([@b42-mmr-18-06-5399]--[@b44-mmr-18-06-5399]). The present data demonstrated that the IC~50~ of MXF was 294.8 mg/l, and the maximum concentration of MXF used was 64 mg/l, which was far below the IC~50~ of 294.8 mg/l, although it was theoretically a very high dose compared with the clinical dosage. The inhibitory effect of QNs on the synthesis of TNF-α may be mediated via a decrease in cAMP degradation, induced by the inhibition of phosphodiesterase ([@b45-mmr-18-06-5399]). There is a close association between the decreased synthesis of intracellular TNF-α and cAMP, since cAMP is additionally a key second messenger ([@b45-mmr-18-06-5399]). MXF may manipulate the function of topoisomerase II and IV, which influence multiple transcription factors and enzymes to interfere with DNA replication, transcription, repair and recombination during cell proliferation and repair ([@b46-mmr-18-06-5399]). Ceramide and sphingosine are phosphorylated by SPHK1 to produce S1P, which inhibits cell apoptosis and promotes cell proliferation through a number of mechanisms, whereas QNs inhibit cell proliferation via an opposite mechanism ([@b47-mmr-18-06-5399],[@b48-mmr-18-06-5399]). Therefore, MXF may inhibit cell proliferation and NF-κB activity, potentially via inhibition of SPHK1 and topoisomerases. This is a potential mechanism for the observed effects of MXF on inflammation ([@b27-mmr-18-06-5399]).

QNs may affect the transcription factors via direct regulation of cell-membrane receptor activities and various intracellular kinase pathways. However, there is little evidence to suggest that the drug directly binds to the corresponding receptors (including TLR4) or kinases. In the present study, it was demonstrated that low and higher (8 vs. 16 µg/ml) doses of MXF resulted in the same directional alterations in TLR4 and SHPHK1 expression and cytokine secretion in LPS-stimulated macrophages, which suggested that the QNs, receptors and kinases together influence or respond to the inflammation reaction, although the underlying mechanism of the pro-inflammatory effects of MXF at high doses (64 µg/ml) remain to be elucidated. It was hypothesized that this observed phenomenon may be due to the functional integrity impairment of the macrophages.

Moxifloxacin is a fourth-generation QN that has a strong antibacterial activity in Gram-positive and Gram-negative bacteria, and thus has wide clinical uses. In recent years, a number of studies have demonstrated the immunomodulatory effects of MXF ([@b49-mmr-18-06-5399]--[@b52-mmr-18-06-5399]). Anti-infection therapies should not only consider the sensitivity and potency of antibacterial agents; however, the association between antibacterial *in vivo* efficacy and immunoregulation additionally requires consideration. The application of antibacterial agents is not limited to the treatment of infections; however, may additionally be developed as treatment for diseases of the immune system. Therefore, future studies investigating the immunoregulatory effects of MXF may lead to future clinical applications and further clarification of the underlying mechanisms.

To the best of the authors\' knowledge, the present study was the first to investigate the effects of MXF on TLR4 and SPHK1 expression in macrophages, and demonstrated a bidirectional influence of MXF, which may be an important mechanism of the effect of MXF on inflammation. The exact underlying mechanisms of the effect of MXF on TLR4 and SPHK1 expression require further investigation.
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![Effects of MXF on the mRNA expression of TLR4, SPHK1 and NF-κB in LPS-stimulated macrophages. Expression levels of (A) TLR4, (B) SPHK1 and (C) NF-κB mRNA were assessed by quantitative polymerase chain reaction assays. The data are expressed as mean ± standard error of the mean. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the LPS group. MXF, moxifloxacin; TLR4, toll-like receptor 4; SPHK1, sphingosine kinase 1; NF-κB, nuclear factor-κB; LPS, lipopolysaccharide.](MMR-18-06-5399-g00){#f1-mmr-18-06-5399}

![Effects of MXF on the protein expression of TLR4, SPHK1 and NF-κB in LPS-stimulated macrophages by western blotting. Expression levels of (A) TLR4, (B) SPHK1 and (C) NF-κB proteins were measured by western blot analysis. The data are expressed as the mean ± standard error of the mean. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the LPS group. MXF, moxifloxacin; TLR4, toll-like receptor 4; SPHK1, sphingosine kinase 1; NF-κB, nuclear factor- κB; LPS, lipopolysaccharide.](MMR-18-06-5399-g01){#f2-mmr-18-06-5399}

![Effects of MXF on the protein expression of TLR4, SPHK1, and NF-κB in LPS-stimulated macrophages by immunofluorescence. Treated macrophages were assessed by immunofluorescence analysis of (A) TLR4, (B) SPHK1 and (C) NF-κB. (D) TLR4, (E) SPHK1 and (F) NF-κB immunofluorescence was quantitatively analyzed. Blue indicates DAPI staining and red indicates (A) TLR4, (B) SPHK1 and (C) NF-κB. The data are expressed as the mean ± standard error of the mean. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the LPS group. MXF, moxifloxacin; TLR4, toll-like receptor 4; SPHK1, sphingosine kinase 1; NF-κB, nuclear factor- κB; LPS, lipopolysaccharide.](MMR-18-06-5399-g02){#f3-mmr-18-06-5399}

![Effects of MXF on IL-6 and TNF-α secretion in LPS-stimulated macrophages. Concentrations of (A) IL-6 and (B) TNF-α in the culture supernatant were measured by ELISAs. The data are expressed as the mean ± standard error of the mean. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the LPS group. MXF, moxifloxacin; IL, interleukin; TNF-α, tumor necrosis factor α; LPS, lipopolysaccharide.](MMR-18-06-5399-g03){#f4-mmr-18-06-5399}

![Effects of MXF on the expression of PKA in LPS-stimulated macrophages. Macrophages were treated with 500 ng/ml LPS in combination with or without different doses of MXF for 2 h and subsequently subjected to protein extraction and western blotting. Bands were quantified by densitometry. \*P\<0.05 vs. the control group; ^\#^P\<0.05 vs. the LPS group. PKA, protein kinase A; LPS, lipopolysaccharide; MXF, moxifloxacin.](MMR-18-06-5399-g04){#f5-mmr-18-06-5399}

###### 

Viability of mouse peritoneal macrophages following treatment with MXF for 24 h.

  MXF, µ/ml   Mean    SD      Cell inhibition, %
  ----------- ------- ------- --------------------
  0           0.535   0.032   --
  50          0.436   0.025   18.44
  100         0.420   0.013   21.50
  200         0.370   0.023   30.89
  400         0.181   0.015   66.23
  800         0.121   0.005   77.45
  1,600       0.108   0.011   79.88

Half maximal inhibitory concentration, 294.8 µg/ml. MXF, moxifloxacin.

###### 

Viability of mouse peritoneal macrophages following treatment with LPS and MXF for 24 h.

  Treatment                        Mean    SD      Cell inhibition, %
  -------------------------------- ------- ------- --------------------
  0 mg/ml                          0.557   0.032   0.00
  0 mg/l MXF + 500 ng/ml LPS       0.549   0.018   1.44
  50 mg/l MXF + 500 ng/ml LPS      0.445   0.030   20.14
  100 mg/l MXF + 500 ng/ml LPS     0.421   0.011   24.49
  200 mg/l MXF + 500 ng/ml LPS     0.367   0.025   34.17
  400 mg/l MXF + 500 ng/ml LPS     0.182   0.018   67.25
  800 mg/l MXF + 500 ng/ml LPS     0.119   0.004   78.55
  1,600 mg/l MXF + 500 ng/ml LPS   0.114   0.015   79.61

Half maximal inhibitory concentration, 281.82 µg/ml. MXF, moxifloxacin; LPS, lipopolysaccharide.
